Lipofuscin accumulates in human retinal pigment epithelium (RPE) cells with age and may be the main factor responsible for the increasing susceptibility of RPE to photooxidation with age. As the composition, absorption, and fluorescence of lipofuscin undergo age-related changes, the purpose of this study was to determine whether photoreactivity of lipofuscin granules also changes with the donor age. METHODS. To determine whether the photoreactivity of lipofuscin itself is age related, lipofuscin granules were isolated from human RPE and pooled into age groups. Photoreactivity was assessed by measuring action spectra of photo-induced oxygen uptake and photogeneration of reactive oxygen species. Separation of chloroform-soluble (ChS) and -insoluble (ChNS) components by Folch's extraction was used to determine the factors responsible for the age-related increase in lipofuscin photoreactivity. RESULTS. The observed rates of photo-induced oxygen uptake and photo-induced accumulation of superoxide-derived spin adducts indicated that when normalized to equal numbers of lipofuscin granules, aerobic photoreactivity of lipofuscin increased with age. Both ChS and ChNS mediated photogeneration of singlet oxygen, superoxide radical anion, and photooxidation of added lipids and proteins. Although both ChS and ChNS exhibited substantial photoreactivities, neither exhibited significant age-related changes when normalized to equal dry mass. In contrast, ChNS contents in lipofuscin granules significantly increased with aging. CONCLUSIONS. Aerobic photoreactivity of RPE lipofuscin substantially increases with aging. This effect may be ascribed to the increased content of insoluble components. (Invest Ophthalmol Vis Sci.
I
n developed Western countries, the leading cause of progressive visual loss in the elderly is age-related macular degeneration. One of the risk factors for the development of this disease is chronic exposure to blue light, presumably mediated by endogenous chromophores. 1 A main suspect is lipofuscin, a lipid and protein aggregate containing several fluorophores and photosensitizer(s) that accumulates with age in human retinal pigment epithelium (RPE).
1,2 On photoexcitation, lipofuscin generates reactive oxygen species, [3] [4] [5] [6] [7] [8] is phototoxic to RPE cells in culture, 9 and is one of the major contributing factors to the age-related increase in aerobic photoreactivity of RPE cells. 4 Lipofuscin photoreactivity has been studied mainly in whole lipofuscin granules or chloroform-soluble (ChS) components obtained by Folch's extraction. Both lipofuscin granules and ChS components mediate photo-induced oxygen uptake, whose efficiency increases steeply with decreasing irradiation wavelength. 4, 10 In lipofuscin granules, the oxygen uptake is accompanied by oxidation of intra-and extragranular lipids and proteins. 11 This oxidation may be mediated by any of a number of active intermediates. Photoexcited granules generate singlet oxygen, superoxide radical anion, hydrogen peroxide, and lipid hydroperoxides. 4 Lipofuscin's ChS components contain photosensitizer(s) [5] [6] [7] that, on excitation with UV or blue light, form a triplet state with high enough energy to form singlet oxygen. 5, 7 They also photosensitize formation of free radicals, including superoxide. 6 During Folch's extraction a considerable fraction of lipofuscin remains insoluble as a brownish layer between the chloroform-and methanol-PBS-enriched phases. Although photoinduced oxygen uptake in a suspension of this fraction exhibits increasing efficiency with decreasing irradiation wavelength, 10 its role in photoreactivity of lipofuscin granules is unclear.
Despite considerable research effort, the chemical identity of the main photosensitizer(s) present in lipofuscin remains unknown. One of the components of lipofuscin that has been considered as a potential photosensitizer is the orange fluorescent pyridinium bisretinoid, A2E. 9, 12 However, even though A2E has been shown to be phototoxic to RPE cells in vitro, [13] [14] [15] [16] its role in lipofuscin phototoxicity and photoreactivity is only minor. 9, 10, [17] [18] [19] It is also not known whether the primary chromophores are in the ChS or insoluble fraction, or both.
Not only does the number of granules in the RPE increase with age, but also the granule composition changes with age, with the protein-to-lipid ratio increasing from approximately 1.5 to 3.0 for lipofuscin isolated from donors younger than 40 and older than 47 years of age, respectively. 20 Age-related changes also occur in the absorption and fluorescence properties of lipofuscin granules, 21, 22 suggesting that other photochemical properties, and therefore photoreactivity, may undergo age-related changes as well. The purpose of the present study was to compare the photoreactivity of lipofuscin granules from different age groups and to determine whether ChS or chloroform-insoluble (ChNS) components of lipofuscin are responsible for any age-related changes.
MATERIALS AND METHODS

Chemicals
Chemicals, of reagent grade or better, were purchased from SigmaAldrich Chemie GmbH (Steinheim, Germany), Sigma-Aldrich (St. Louis, MO), or Merck (Darmstadt, Germany) and used as supplied. 4-Protio-3-carbamoyl-2,2,5,5-tetraperdeuteromethyl-3-pyrroline-1-yloxy (mH-CTPO) was a gift from Howard J. Halpern (University of Chicago, Chicago, IL). Phosphate-buffered saline (PBS) without calcium and magnesium was treated with chelating resin (Chelex 100; Sigma-Aldrich) before use, to minimize the content of metal ions.
Isolation of Lipofuscin, Melanolipofuscin, and Melanosome Granules
Human eyes were obtained from the Wisconsin Lions Eye Bank. RPE cells were isolated as described previously 4 and kept frozen at Ϫ70°C until sufficient material was collected for isolation of pigment granules. To study age-related changes in lipofuscin photoreactivity, RPE cells were pooled according to donor age into four age groups: younger than 40 (32 pairs of eyes; age range, 1-40 years), 41 to 60 (37 pairs), 61 to 80 (47 pairs), and older than 81 (44 pairs; age range, 81-98 years of age). For some comparative experiments between ChS and ChNS components of lipofuscin, lipofuscin granules were isolated from RPE cells pooled from donors aged more than 40 years. Pigment granules were isolated and purified from RPE cells collected from pooled samples, as previously described. 4 Isolated granules were suspended in PBS (pH 7.2) and dispersed by forcing them through a narrow-gauge needle. Concentration of the human granules was determined by counting in a hemocytometer. Typical concentration of the pigment granules used in experiments was in the range of 0.5 to 4.0 ϫ 10 9 /mL. Aliquots of the lipofuscin suspension were set aside for experiments on whole lipofuscin granules. The remaining lipofuscin suspensions were used for Folch's extraction procedure. In some experiments, lipofuscin granules from the 41-to 60-and 61-to 80-year age groups were combined.
Extraction of Lipofuscin
Lipofuscin granules were extracted according to a modified Folch's procedure. 23 Suspensions of lipofuscin granules in PBS were vortexed for 15 seconds in the presence of chloroform-methanol (2:1, vol/vol) mixture (5:8, PBS:chloroform-methanol mixture, vol/vol), followed by centrifugation. The upper aqueous phase and lower chloroform phase were withdrawn separately and further purified by repeated extraction in triplicate. The interphase material was subjected to similar treatments in triplicate with PBS-chloroform-methanol. After the final centrifugation, appropriate phase or interphase material was collected in preweighed glass flasks, dried in a vacuum and weighed to determine the dry mass. An aliquot of a selected solvent-PBS, chloroform, dimethyl sulfoxide (DMSO), or benzene-was added to the dried ChNS in an Eppendorf tube, followed by homogenization with a Teflon homogenizer.
No species absorbing above 200 nm was detected in the upper phase, consisting mainly of PBS-methanol, and therefore the upper phase was excluded from further experiments. For some experiments ChS or ChNS obtained from lipofuscin from 41-to 60-and 61-to 80-year-olds were combined.
Absorption Spectra
Absorption spectra were measured in a 1-or 0.1-cm optical pathlength quartz cell using a diode-array spectrophotometer (HP 8453; Hewlett Packard, Palo Alto, CA).
Preparation of Liposomes
Multilamellar liposomes for measurements of photo-induced oxygen uptake consisted of 2 mM dimyristoyl phosphatidylcholine (DMPC), with or without polyunsaturated fatty acids (PUFA) mixture consisting of 1 mM docosatetraenoic methyl ester, 2 mM linoleic acid methyl ester, and 2 mM cholesterol. Liposomes were prepared under anaerobic conditions. A chloroform solution of lipids and/or lipofuscin extracts was dried under argon and then in a vacuum, followed by hydration in PBS. 24 
Monochromatic and Broad-Band Light Irradiation
Suspensions of pigment granules or extracted material were irradiated either with broad-band visible light derived from a compact-arc, highpressure xenon lamp with a combination of cutoff (Ͻ390 nm) and copper sulfate filters (effective spectral range: 390 -620 nm, fluence rate ϳ23 mW/cm 2 ) or with a narrow-band light, using a combination of broad band, cutoff, and interference filters. The following narrowband irradiations were used: 338 nm (16 nm); 380 nm (14 nm); 404 nm (12 nm); 434 nm (10 nm); 480 nm (8 nm); 494 nm (9 nm); 500 nm (8 nm); 518 nm (6 nm); 542 nm (7 nm), where the value in parentheses corresponds to the full width at half maximum (FWHM). Alternatively, a compact-arc, high-pressure xenon lamp (75 W; Photon Technologies International Inc., Santa Clara, CA) coupled with a monochromator (Model 101; Photon Technologies International Inc.) was used with a 20-nm bandwidth. Effective fluence rates of narrow-band radiation at the sample surface were within a range of 0.5 to 12 mW/cm 2 . Fluence rates of broad-band irradiation were routinely measured with a radiometer (model 65A; Yellow Springs Instruments Co., Yellow Springs, OH), and rates of narrow-band irradiation were measured with a calibrated silicon photodiode (Photonics, KK; Hamamatsu, Hamamatsu City, Japan) inside the resonant cavity of an electron spin resonance (ESR) spectrometer.
Photo-Dependent Oxygen Uptake
Kinetics of oxygen concentration changes in irradiated samples were measured by ESR oximetry. 4, 25 A sample containing 0.1 mM mHCTPO as the nitroxide spin probe was placed in a flat quartz cell (0.25 mm) in a resonant cavity, and ESR spectra of mHCTPO were collected during their illumination in situ, at ambient temperature. Rates of oxygen uptake were obtained by determining the slope of initial oxygen uptake, where the oxygen concentration decreased linearly with time.
Action Spectra of Photo-Induced Oxygen Uptake
To obtain action spectra of photo-induced oxygen uptake, the rates of oxygen uptake were normalized to an equal number of incident photons; that is, the rate, expressed in millimolar per second, was divided by the irradiation wavelength (in nanometers) and by the fluence rate (in milliwatts per square centimeter). The values obtained were multiplied by 10 9 .
ESR Spectroscopy and Spin Trapping
ESR spectra were recorded with a spectrometer (ESP 300E; Bruker, Billerica, MA) operating at 9.5 GHz with 100-kHz field modulation. For the detection of superoxide radical anion and other short-lived radicals, lipofuscin granules and ChNS from different age groups were suspended in DMSO, and ChS was solubilized in a DMSO/benzene (1:1) mixture. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was used as a spin trap, which was added to the sample immediately before a measurement at 0.2 M concentration. 26 The time course of DMPO adduct formation, and their decay was observed in the dark and during irradiation, with blue light used to distinguish between primary and secondary products.
Singlet Oxygen Detection
Cholesterol was used as an acceptor of singlet oxygen that gives characteristic oxidation products with singlet oxygen O 2 ( 1 ⌬ g ), 27 namely: 3␤-hydroxy-5␣-cholest-6-ene-5-hydroperoxide (5␣-OOH), 3␤-hydroxycholest-4-ene-6-␣-hydroperoxide (6␣-OOH), and 3␤-hydroxycholest-4-ene-6-␤-hydroperoxide (6␤-OOH). Interaction of cholesterol with free radicals leads to generation of 3␤-hydroxycholest-5-ene-7-␣-hydroperoxide (7␣-OOH) and 3␤-hydroxycholest-5-ene-7-␤-hydroperoxide (7␤-OOH). ChNS, at a concentration of 2.4 mg/mL was suspended in 2 mM cholesterol solution in benzene and irradiated with visible light in a thermostat-controlled chamber (10°C). At selected irradiation times, samples were collected and centrifuged to sediment the ChNS. Supernatants were dried under argon and solubilized in isopropanol for HPLC-electrochemical detection analysis, as described. 28 ChS solubilized in benzene at a concentration of 2.0 mg/mL in the presence of 2 mM cholesterol was used as a positive control for singlet oxygen photogeneration.
5,7
Statistical Analysis
Statistical analysis was performed by Student's t-test, and linear regression was performed by the method of least squares.
RESULTS
Lipofuscin Granules: Photoreactivity in Different Age Groups
In an earlier study, we showed that, when lipofuscin is irradiated with blue light, lipofuscin components such as lipids are oxidized. The oxidation is accompanied by oxygen uptake, 4, 11 which can thus serve as an oxidation indicator. To establish whether the aerobic photoreactivity of lipofuscin granules undergoes age-related changes, we pooled lipofuscin isolated from RPE cells into four different age groups, adjusted to equal concentrations of granules, and monitored the oxygen uptake during irradiation with blue light (404 nm). Comparing the rates of oxygen consumption observed for the youngest and the oldest lipofuscin, we found that the process was approximately 1.6 to 2.2 times faster for lipofuscin from donors older than 80 than for donors younger than 40 years old (Fig. 1) . Thus, the rate of photo-induced oxygen uptake per granule increased with the age of the lipofuscin donors.
To establish whether age-related changes in lipofuscin photoreactivity depend on wavelength, we measured the action spectra for each of three lipofuscin age groups ( Fig. 2 ; the two middle age groups were pooled for this experiment). For each wavelength studied within the spectral region of 338 to 542 nm, the ratios of oxygen uptake rates were similar: When the youngest and the oldest age group were compared, the ratio varied with wavelength between 1.6 and 2.2, but there were no statistically significant differences between wavelengths.
It has already been established that the aerobic photoexcitation of lipofuscin granules and the ChS extract produces the superoxide radical anion. 4, 6, 11 To determine whether photogeneration of superoxide by lipofuscin depends on age, we used ESR spin trapping. When lipofuscin granules were irradiated with visible light in the presence of DMPO in DMSO, the initial ESR spectra consisted mainly of a set of 12 lines with hyperfine coupling constants that could be assigned to the DMPO-OOH adduct (Fig. 3A) . 26 Their initial rate of accumulation depended on concentration and increased monotonically with donor age in the four age groups studied (Fig. 3B) . As the rate of adduct decay also increased with donor age, it could be estimated that DMPO-OOH production was greater by a factor of more than 2.1 in the older than 80 group compared with the group younger than 40 years of age. Thus, on a per granule basis, both oxygen uptake and superoxide production increased with age.
ChS and ChNS: Content and Photoreactivity in Different Age Groups
Lipofuscin extraction through Folch's procedure yields ChS lipophilic material and ChNS interphase material. To establish whether the contents of these fractions within lipofuscin granules change with age of lipofuscin donors, their dry masses were weighed. Of note, the content of ChNS per lipofuscin granule significantly increased with age of eye donors by a factor of 1.7 between the youngest and the oldest age group (Fig. 4) . The amount of the extracted ChS, in contrast, did not differ significantly between different age groups.
To determine whether the relative quantities of different chromophores within ChS changed with the age of lipofuscin donors, we measured the absorption spectra of ChS from the different age groups. At the same concentration of dry mass per unit of volume, the spectra obtained for ChS from different age groups were very similar to each other over the whole UVA and visible spectral region (Fig. 5A) . The action spectra of photo-induced oxygen uptake for ChS from different age groups were also almost identical when normalized to the same dry mass, with the rates increasing steeply with decreasing wavelengths (Fig. 5B) . These results indicate a constancy with age in ChS of not only the content of major absorbing chromophores, but also the content of photosensitizer(s).
Moreover, as the absorption spectra of ChS resemble the action spectra of photo-induced oxygen uptake, it is likely that the absorption spectra of the photosensitizer(s) present in ChS exhibit absorption characteristics similar to those of ChS as a whole. The rates of accumulation and decay of DMPO-OOH adducts photosensitized by ChS from different age groups were not dependent on the age of lipofuscin donors (data not shown).
Although we could not compare the absorption spectra of ChNS from different age groups due to its insolubility, we were able to measure oxygen uptake of ChNS in suspension. Like ChS, ChNS also mediated substantial photo-induced oxygen uptake, with rates that increased with decreasing wavelengths. Again, the action spectra of the rates of photo-induced oxygen uptake for ChNS from different age groups were almost identical when normalized to the same dry mass (Fig. 5C ). At longer wavelengths, above 390 nm, the rates of photo-induced oxygen uptake mediated by ChNS equaled or even exceeded the rates for ChS. However, the photoinduced oxygen uptake was markedly smaller at shorter wavelengths than was the case for ChS (Figs. 5B, 5C ).
ChNS: Photogeneration of Superoxide Radical Anion and Singlet Oxygen
To establish whether ChNS photogenerates reactive oxygen species similar to those generated by ChS, we used ESR spin trapping to detect free radicals. When ChNS was irradiated with visible light in the presence of 0.1 M DMPO, the ESR spectra consisted primarily of DMPO-OOH spin adducts (Fig.  6) . In samples containing ChNS, the accumulation and decay rates of DMPO-OOH adducts did not differ significantly among different age groups when normalized to equal dry mass of ChNS (data not shown).
We used cholesterol to probe for singlet oxygen production in a sample composed of ChNS pooled from all four age groups. Irradiation of suspensions of ChNS in benzene in the presence of cholesterol resulted in a time-dependent accumulation of cholesterol hydroperoxides (Fig. 7) , including characteristic products of interaction of cholesterol with singlet ox- ygen: 5␣-OOH, 6␣-OOH, and 6␤-OOH. No accumulation of 5␣-OOH, 6␣-OOH, or 6␤-OOH was observed when the sample was incubated in the dark (data not shown), or if the sample was irradiated in the absence of ChNS (Fig 7d) . Thus, ChNS clearly photogenerates singlet oxygen. The direct meaningful comparison on the yields of superoxide and singlet oxygen photogeneration is not possible, due to the different states of ChNS (suspension of particles) and ChS (solution). First of all, the absorption cross sections are not comparable. Second, DMPO or cholesterol competes with lipofuscin components for reactive oxygen species under completely different conditions. In the case of ChS solution, the reactive oxygen species are photogenerated directly in solution, whereas for a ChNS suspension, it may be expected that reactive oxygen species need to diffuse out of the particle to be trapped by DMPO or cholesterol in solution.
Role of ChS and ChNS in Lipofuscin Photoreactivity
Both ChS and ChNS induced substantial photo-dependent oxygen uptake; however, when their rates were normalized to the lipofuscin granule content from different age groups and added arithmetically, the rates were 3 to 7 times lower than the corresponding values in action spectra measured for lipofuscin granules (Fig. 8) . A possible reason for the decreased rates may be dilution or complete separation of substrates of oxidation from photosensitizers. To test this possibility, the ChS and ChNS fractions were recombined in DMPC liposomes, and the rates of photo-induced oxygen uptake were compared with the rates for ChS and ChNS separately and their arithmetical addition (Fig. 9) . Although when excited with wavelengths above 380 nm, the recombined material had photo-induced oxygen uptake rates almost identical with those obtained by the arithmetical addition of the values for ChS and ChNS, excitation by 340 nm light resulted in rates up approximately 1.6 times higher (Fig. 9) . To determine whether added lipids or proteins may become substrates for photooxidation by ChS and ChNS, we compared the rates of photo-induced oxygen uptake in the presence and absence of added polyunsaturated lipids and proteins. In the presence of additional oxidation substrates, UVA (340 nm) and blue-light (410 nm) induced increased oxygen uptake for both fractions (Fig. 10) . Irradiation with 410 nm light increased the oxygen uptake rate by a factor of 1.7 in the presence of additional oxidation substrates for both ChS and ChNS. Of note, during irradiation with 340 nm, addition of polyunsaturated lipids and bovine serum albumin (BSA) to ChS induced only a 1.4-fold increase in the oxygen uptake rate, whereas for ChNS, the increase was nearly 3-fold.
There is a possibility that photosensitizer(s) are localized in liposomes in proximity of the ChS components available for oxidation. Therefore, it might be speculated that further enrichment of liposomes in PUFA and/or BSA does not substantially increase the local concentration of the oxidation substrate in proximity of photosensitizer(s), so they exhibit a small effect on the initial rates of the photo-induced oxygen uptake as seen in Figure 10B .
DISCUSSION
Age-Related Increase in Lipofuscin Photoreactivity
The results obtained in this study clearly demonstrate that the photoreactivity of lipofuscin granules increases with donor age, as shown by the increased rates for photo-induced oxygen uptake and accumulation of DMPO-OOH spin adducts. At least three age-related factors may contribute to these increased rates: (1) an increased content of photosensitizers that are involved in the generation of oxygen reactive species, (2) a higher content of substrates of photosensitized oxidation, and/or (3) a decreased content of endogenous antioxidants present in the lipofuscin granule. Indeed, the presence of all three lipofuscin constituents has been demonstrated in the ChS fraction of lipofuscin: unidentified photosensitizers, [5] [6] [7] PUFAs, 20 and vitamin E (Sarna T, et al. IOVS 2001;42:ARVO Abstract 4095).
The observed age-related increase in photoreactivity of lipofuscin granules reflects age-related changes within the whole population of lipofuscin granules. It should be stressed that the population of lipofuscin at any age may be very heterogenous as indicated by substantial differences in emission properties among lipofuscin granules. 29, 30 Heterogeneity is also present within single granules, as was shown by comparative measurements of topography and fluorescence by near-field scanning optical microscopy. 29, 30 The composition of lipofuscin was also found to change with age; specifically, the amount of ChNS per granule in- Figures 2, 4 , and 5. Rates of photo-induced oxygen uptake were normalized to equal fluxes of incident photons and to 10 9 granules/mL or corresponding content of ChS and ChNS in suspensions of lipofuscin granules.
FIGURE 9.
Comparison of the action spectra of initial rates of photoinduced oxygen uptake in suspensions of DMPC liposomes containing both ChS and ChNS (reconstituted lipofuscin, छ), and the arithmetic addition (ϩ) of the rates measured separately for ChS (‚) and ChNS (ƒ) in DMPC liposomes.
creased, while the amount of ChS remained the same. ChS has already been shown to contain photosensitizers, to exhibit photo-induced oxygen uptake, and to photogenerate superoxide and singlet oxygen. Now, we have demonstrated that ChNS also exhibits photo-induced oxygen uptake and photogeneration of DMPO-OOH spin adducts and singlet oxygen, indicating that it also contains photosensitizers. We cannot exclude the possibility that the chromophores responsible for lipofuscin photoreactivity are similar in both ChS and ChNS, but are bound to different groups of lipids and/or proteins, which to some extent may modify their physicochemical properties. The photoinduced rates of oxygen uptake mediated by ChNS are comparable to those of ChS, particularly within the blue-green light spectral region, when normalized to the same dry mass. When normalized to equal dry mass, neither exhibits significant age-related changes in photoreactivity. This observation may indicate that the content of photosensitizers, substrates of oxidation, and antioxidants remains almost the same within each fraction of lipofuscin, and that the observed changes in lipofuscin photoreactivity are due to age-related changes in the relative amounts of ChS and ChNS. Because in our study we observed a significant increase only in the content of ChNS in lipofuscin granules with age, whereas the content of ChS did not exhibit any significant changes with age, we postulate that the apparent increased photoreactivity of lipofuscin granules is related to the increased content of ChNS.
One of the manifestations of increased photoreactivity with age is the increased accumulation of DMPO-OOH spin adducts. As DMPO-OOH increases with age by a factor of 2.1, and the competitive scavenging of superoxide radical anion by lipofuscin granules is negligible, 31 it may be concluded that the rate of photogeneration of superoxide radical anion by photoexcited lipofuscin also increases with aging. Although both photoexcited ChS and ChNS can generate superoxide, it is difficult to compare their efficiencies due to the different solvents used for solubilization of ChS and ChNS, which yields a different degree of solubilization of the two lipofuscin fractions and different stabilities of the free radicals. When normalized to equal dry mass, the efficiency of photogeneration of superoxide radical anion by ChS or ChNS did not depend on the age of lipofuscin donors, therefore the age-dependent increase in the efficiency of photogeneration of superoxide radical anion by lipofuscin granules must be due to the increased content of ChNS in the lipofuscin granule.
The increased ability of lipofuscin from aged RPE to photogenerate superoxide may have serious consequences in the aged RPE. Dismutation of superoxide radical anion, greatly enhanced by superoxide dismutase or low pH (typical for lysosomes), leads to generation of hydrogen peroxide. How- Data are the mean Ϯ SD of results in at least three experiments. Statistically significant differences from the control are indicated *P ϭ 0.02, **P ϭ 0.05, ***P ϭ 0.002, and ****P ϭ 0.001. ever, catalase activity in the human RPE decreases with aging. 32 Moreover, catalase is inhibited during irradiation in vitro with blue light, and this effect is exacerbated in the presence of lipofuscin. 8 Therefore, as the efficacy of the antioxidant system protecting against hydrogen peroxide may be diminished, it is more likely that photogenerated hydrogen peroxide may exert deleterious effects in aged RPE cells.
The Role of ChS and ChNS in the Photoreactivity of Lipofuscin
Both ChS and ChNS exhibit substantial photoreactivity: On photoexcitation under aerobic conditions they generate superoxide and singlet oxygen and lead to oxygen consumption. However, when compared with intact lipofuscin granules, the sums of their rates of photo-induced oxygen uptake are three to seven times lower than the rates observed in suspensions of lipofuscin granules.
This discrepancy may be largely explained by the decreased availability of oxidation substrates in the suspensions of ChS in liposomes and of ChNS. For suspensions of lipofuscin granules, no more than 3% of the oxygen consumed during irradiation with blue light accumulates as hydrogen peroxide, 11 a typical product of dismutation of superoxide anion radicals. Most of the oxygen consumed is used in oxidation of lipofuscin components. 11 Both ChS and ChNS can induce photo-oxidation of added lipids and proteins. However, solubilization of ChS in solution or DMPC liposomes results in dilution of the substrates of oxidation, whereas suspensions of ChNS are altogether devoid of oxidation substrates such as lipids. Therefore, it may be the reduced concentration of substrate for oxidation in the proximity of photosensitizers that is responsible for the fact that the sums of the rates of photo-induced oxygen uptake observed for ChS and ChNS are several times lower than that observed for the corresponding number of lipofuscin granules.
It is important to have oxidizable substrate present because of the short lifetime of one of the reactive oxygen species: singlet oxygen. Singlet oxygen is one of the reactive oxygen species responsible for the oxidation of extragranular lipids mediated by photoexcited lipofuscin granules. 4 It is a powerful oxidant of proteins and unsaturated lipids, 33 provided the substrates of oxidation are in the proximity of the photosensitizers. Otherwise, singlet oxygen will thermally deactivate to its ground state, as its lifetime in aqueous solutions is only approximately 4 s. 34 Therefore, even though both ChS and ChNS photosensitize singlet oxygen formation, oxygen uptake would follow only if an appropriate substrate of oxidation is present in proximity.
The paucity of oxidizable substrates can also explain much of the single biggest difference in photoreactivity between the ChS fraction and ChNS: their action spectra in the UV. The action spectrum for ChS follows a shape similar to that of lipofuscin granules, although quantitatively the yields are smaller. The action spectrum of ChNS, however, although similar to lipofuscin granules at longer wavelengths, is markedly lower at wavelengths shorter than 410 nm, unless additional oxidation substrates are added. In the latter case, the action spectrum of ChNS approaches the shape of the lipofuscin granule spectrum for wavelengths as short as 340 nm.
When ChNS is irradiated with 340-nm light, the rate of photo-induced oxygen uptake increases by a factor of 3 in the presence of polyunsaturated lipids, which appear to be a particularly good oxidation substrate for ChNS photoexcited with UV light. However, when the excitation wavelength is 410 nm, the increase in the presence of additional lipids and proteins is only 1.7-fold. When the two fractions of lipofuscin are combined, the oxygen uptake rate increases synergistically when excited at 340 nm and only additively when excited with wavelengths of 410 nm and higher. This wavelength-dependence of the photoreactivity of ChNS may be related to a quantum yield of singlet oxygen generation that is different for UV excitation than for blue-green light. This is the case for ChS, where the quantum yield of singlet oxygen decreased by a factor of 1.7 when photoexcited with blue light (420, 430, and 440 nm) as opposed to 355 nm. 7 Although the number of lipofuscin granules and their shortwavelength light-induced photoreactivity increase with age, the transmission properties of the anterior segment of the eye, mainly of the lens, also undergo age-related changes.
1 Although UVA light is completely blocked by the lens in a 20-year-old adult, with aging, more and more short-wavelength visible light is gradually absorbed by the lens, and therefore less blue light reaches the retina. Thus, it may be speculated that despite the increased photoreactivity of lipofuscin with increasing donor age, the risk of photooxidative damage to RPE cells is mitigated by the decreased flux of incident blue light. However, the situation is different in individuals after cataract surgery where a naturally yellowed lens is replaced with a transparent artificial lens. Thus, their retinas become exposed to fluxes of light similar to those in young individuals.
CONCLUSIONS
The age-related increase in the photoreactivity of lipofuscin granules together with an increased number of lipofuscin granules may impose a greater risk of photooxidative damage in the aged RPE compared with the young RPE. Moreover, the chloroform insoluble components of lipofuscin seem to play a substantial role in the photoreactivity of lipofuscin granules, a role whose impact increases with the age of the lipofuscin donors.
